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Introduction: The howardite, eucrite and dioge- 
nite (HED) meteorites represent the products of igne- 
ous processes and impact mixing on a differentiated 
asteroid. Eucrites are basaltic composition rocks that 
were formed as flows and as shallow and deep intru- 
sive bodies. Some eucrites are cumulate gabbros. 
Diogenites are cumulate orthopyroxenites widely con- 
sidered to be of deep crustal origin. Impact processes 
have excavated material from deep levels of the crust, 
and mixed it with surface rocks into a suite of polymict 
breccias. Howardites are one such rock type, being 
composed mostly of mixtures of clasts and mineral 
fragments of eucritic and diogenitic parentage [see 1]. 
The consensus view is that 4 Vesta is the parent astero- 
id of HED meteorites [2]. 

As part of a larger study of the record of impact 
mixing contained within howardites, we undertook an 
investigation of the compositions of orthopyroxene 
clasts in a suite of howardites [3]. We discovered a 
subset of orthopyroxene clasts in some howardites with 
unusual textural and compositional characteristics that 
are reminiscent of those previously observed in pheno- 
crysts in a pyroxene-phyric melt clast in howardite 
EET 92014 [4]. The textural and compositional cha- 
racteristics of the phenocrysts in this clast were inter- 
preted as originating via interaction with an FeO-rich 
fluid phase [4]. 

The HED parent asteroid is commonly thought of 
as being volatile-poor and anhydrous [1]. However, 
some evidence for interaction with fluids has been 
found in a few HEDs [4-7], suggesting that at some 
point in the geologic evolution of 4 Vesta, fluid 
phase(s) may have been locally important. In order to 
improve our understanding of the role of fluids on 4 
Vesta, we began a more detailed study of the anomal- 
ous orthopyroxene clasts. Herewith, we present our 
preliminary results. 

Petrology and Mineral Composition: We have 
made petrographic observations and done electron mi- 
croprobe analyses on orthopyroxene and pigeonite 
grains in 18 howardites. The majority of the grains 
show normal Fe/Mn-Fe/Mg behavior - little change in 
Fe/Mn with increasing Fe/Mg (inset, Fig. 1, view at 
400x). This is expected for igneous partitioning in 
HED magmas crystallizing pyroxene as the dominant 
ferromagnesian phase [see 8, 9]. Several grains show 
anomalous excursions in Fe/Mn that are not systematic 
with changes in Fe/Mg (Figs. 1,2). 


Figure 1 shows a back-scattered electron image of 
an example grain fragment from EET 99400. Core 
compositions fall within the field of normal low-Ca 
pyroxenes from howardites (inset, view at 400x). The 
grain interior includes patches and veinlets of Fe- 
enriched pyroxene (light grey). Transects a and b 
through magnesian and ferroan zones show Fe/Mn 
excursions from the field of normal pyroxenes; up to 
~47 from an initial ~29 for transect b. 



Figure 2 shows an example anomalous grain frag- 
ment from EET 99408. Transect a shows increasing 
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Fe/Mn going from magnesian to ferroan pyroxene, 
while transect b shows decreasing Fe/Mn as composi- 
tions become increasingly ferroan at the grain rim 
(view inset at 400x). Transect c shows that the most 
ferroan rim composition has a nearly normal Fe/Mn. 

Discussion: Three of the howardites we have in- 
vestigated thus far contain grains with strongly ano- 
malous Fe/Mn regions - EET 99400, EET 99408, and 
EET 83376. Pairing has been suggested based on pe- 
trology for EET 99400 and EET 99408; no pairings 
have been suggested for EET 83376. SAN 03472 con- 
tains some low-Ca pyroxene grains that show slight 
Fe/Mn anomalies. We have not found anomalous 
grains in the other howardites we have examined. 

Textural evidence indicates that development of the 
anomalous Fe/Mn regions occurred prior to incorpora- 
tion into the current matrix. We commonly observe 
Fe-rich rims on magnesian low-Ca pyroxenes generat- 
ed by thermal metamorphism in the ferroan environ- 
ment of the current matrix. Such rims are more ferroan 
than the high Fe/Mn regions, yet have normal Fe/Mn 
(transect c, Fig. 2, inset). Textural evidence does not 
indicate whether the anomalous regions were devel- 
oped while the grains were in their diogenite parent 
rocks or while contained in an intermediary breccia. 

The minor element contents give evidence for poss- 
ible redistribution of some non- quadrilateral compo- 
nents in the pyroxenes accompanying development of 
some of the anomalous Fe/Mn regions. EET 99400 
grain 03 transect a started in a region with Fe/Mn — 41 , 
went through a slightly more magnesian region with 
Fe/Mn ~33, and ended in a more ferroan region with 
Fe/Mn ~38 (Fig. 1). Element profiles along this tran- 
sect show depletions in A1 2 0 3 , Ti0 2 and Cr 2 0 3 in the 
high Fe/Mn regions compared to the central region 
with lower Fe/Mn (Fig. 3). The MnO content is uni- 
form up until the transect end where the final Fe/Mn 
excursion occurs. Here MnO increases. The variation 
in Fe/Mg (Fig. 1) is accomplished through simultane- 
ous decrease in MgO and increase in FeO; CaO does 
not appreciably vary. Not all Fe/Mn excursions are 
accompanied by depletions in minor elements. 

Anomalous Fe/Mn variations in low-Ca pyroxene 
were noted along cracks and healed cracks in pheno- 
crysts in an impact-melt clast in howardite EET 92014 
[4] (not paired with the howardites studied here). This 
compositional anomaly was ascribed to fluid-mediated 
Fe metasomatism. Subsequently, additional evidence 
for metasomatism (quartz veinlets) has been found in 
the cumulate eucrite Serra de Mage and ascribed to 
deposition from liquid water solutions [5]. Evidence 
for metasomatism in the form of Fe-enrichment along 
cracks, deposition of ferroan olivine, troilite and calcic 
plagioclase, and depletions of A1 in pyroxene has been 


found in several basaltic eucrites [6, 7]. An aqueous 
fluid is considered a likely agent of metasomatism in 
these meteorites [7]. 



Igneous processes did not produce the Fe/Mn ano- 
malous regions. Igneous processes do not efficiently 
fractionate FeO from MnO, leaving the Fe/Mn ratio 
nearly constant during crystallization [8, 9]. Textural- 
ly, the anomalous regions are randomly distributed in 
the grains, often in irregular patches or thin, vein-like 
zones, and do not show a distribution that can be inter- 
preted as resulting from original crystallization. A 
more likely origin is as a result of fluid-mediated meta- 
somatism at some stage in the history of the grains, but 
before incorporation in the current matrix. We have 
yet to identify the fluid phase or its source, but H 2 0 is 
the most plausible agent. 

Conclusions: Low-Ca pyroxene clasts in some 

howardites show localized internal zones with anoma- 
lously high Fe/Mn ratios. These anomalous regions 
predate incorporation in the current matrix, but we 
have not yet determined when they were formed. Dep- 
letions in A1 2 0 3 , Ti0 2 and Cr 2 0 3 accompany the 
Fe/Mn anomalies in some cases, but not all. The 
Fe/Mn change is mostly accomplished through a molar 
1-to-l swap of FeO for MgO in the pyroxenes along 
with non-systematic changes in MnO. These composi- 
tional anomalies were imposed by fluid-mediated me- 
tasomatism by a fluid phase, quite likely H 2 0. 
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